Results-For all groups there was no diVerence between the degree of ischaemia judged by maximal ST depression during the two tests. All episodes of exercise induced ischaemia produced prolonged abnormalities of LV systolic and diastolic function despite rapid normalisation of haemodynamic and ECG changes. In group A (30 minutes) these abnormalities were less pronounced after the second test than after the first, while in group B (60 minutes) they were more severe and long lasting. In group C (240 minutes) the two tests produced similar abnormalities of LV function. Conclusions-Prolonged abnormalities of LV function occurred following exercise induced ischaemia with a time course consistent with myocardial stunning. The severity and degree of LV dysfunction caused by a further episode of ischaemia appear to be dependent on the time interval between ischaemic episodes. (Heart 1999;81:404-411) 
Myocardial stunning is the myocardial dysfunction that persists following ischaemia in the absence of necrosis, despite the restoration of blood flow. 1 Exercise induced stunning has been shown to occur in patients with coronary artery disease following a single episode of eVort angina. 2 The eVects of repeated episodes of exercise induced ischaemia on myocardial function in humans are unclear. In chronically instrumented dogs, repeated episodes of exercise induced ischaemia result in cumulative and prolonged abnormalities of contractile function caused by repetitive myocardial stunning. 3 It has been suggested that the pathophysiology of chronic left ventricular (LV) dysfunction in patients with coronary artery disease may involve this phenomenon of repetitive myocardial stunning. 4 The present study was designed to investigate whether repeated episodes of ischaemia would produce repeated episodes of myocardial stunning, and what eVect this would have on LV function. We set out to determine whether repetitive ischaemia would produce cumulative stunning, or whether this might be attenuated by ischaemic preconditioning. 5 To do this we examined the eVects of two episodes of exercise induced ischaemia at three different time intervals in patients with chronic stable angina.
Methods
The study protocol was approved by the University of Wales local research and ethics committee and all patients gave full written informed consent. PATIENTS We studied three groups (A, B, and C) each comprising 14 men with angiographically proven coronary artery disease, chronic stable angina, and normal resting LV function assessed by angiography and confirmed on echocardiography. Patient demographics are shown in table 1.
All subjects underwent diagnostic coronary angiography (demonstrating > 70% diameter stenosis in at least one major epicardial coronary artery) before and within three months of the study. This was part of their routine clinical management. Patients with a history of myocardial infarction or unstable angina within the past year were excluded, as were those with uncontrolled hypertension and those in whom it was not possible to obtain echocardiograms of suYcient quality for quantitative analysis (at least 75% of the endocardial border to be visualised). Several patients with previous myocardial infarction confined to the inferior wall but good overall contractile function were studied.
STUDY PROTOCOL
Each subject performed two symptom limited treadmill exercise tests according to the standard Bruce protocol. Two dimensional echocardiograms were obtained before the first test and at regular intervals between then and for 240 minutes following cessation of the second episode. Pulsed wave Doppler tracings of LV diastolic inflow at the tips of the mitral valve leaflets and a phonocardiogram were recorded simultaneously.
EXERCISE TESTING
Blockade was discontinued for 48 hours before exercise testing (equivalent to five half lives); all other antianginal medications were omitted for the study day. Exercise tests were performed on all occasions using a Marquette treadmill. Patients were advised to avoid all activities known to precipitate their angina for 24 hours before the test and to use prophylactic glyceryl trinitrate if it was possible. Patients who had suVered angina during the four hours before the test were excluded. Three ECG leads (II, V2, and V5) were monitored continuously during the exercise and recovery periods. Blood pressure and 12 lead ECGs were performed every three minutes during exercise and every two minutes in recovery until resolution of ECG changes and a return of heart rate and blood pressure to baseline values. Patients continued exercise until limited by their symptoms. Exercise was also discontinued if any of the following criteria were reached: a drop in systolic blood pressure of 10 mm Hg, or the occurrence of significant arrhythmias on exercise.
Following the initial exercise test (Ex1) patients performed a repeat exercise test (Ex2) at either 30 minutes (group A), 60 minutes (group B), or 240 minutes (group C) following the end of Ex1. All antianginal medication was restarted four hours after Ex2.
ECHOCARDIOGRAPHY
After the patient was placed in the left lateral decubitus position, two dimensional echocardiograms were obtained with commercially obtainable equipment (Hewlett-Packard Sonos 1500, Model 77025A; Hewlett Packard Inc, Andover, Massachusetts, USA) using a 2.5 MHz phased array transducer. All studies were performed by one investigator (CAR). To ensure reproducibility the position of the patient on the couch (degree of backrest angulation and left lateral tilt) was documented at baseline and used for each image acquisition and the position of the transducer on the patient's chest was marked. In order to minimise beat to beat variation all recordings were made in held gentle expiration. Studies were recorded on Super VHS videotape for later oZine analysis.
The following observations were made: two dimensional apical two chamber (AP2CH) and apical four chamber (AP4CH); and pulsed wave Doppler tracings of LV diastolic inflow at the tips of the mitral valve leaflets with simultaneous recording of the phonocardiogram (positioned in the second left intercostal space). Images were recorded at rest, immediately following exercise (within five minutes of termination of exercise), and then at 30 minute intervals following Ex1. This was repeated for the second test with images being acquired at 30 minute intervals for 240 minutes following Ex2.
ECHOCARDIOGRAPHIC ANALYSIS
The videotaped images were analysed by two experienced observers (CAR, AZL) using an oZine PC based digitising program (Thoraxcenter, Erasmus University, Rotterdam, Netherlands 6 ). Analysis was performed in a blinded fashion with the observer being blinded to the timing of the study and which group the study came from. Three consecutive beats (excluding extrasystolic beats and postextrasystolic beats) were analysed for each time point in both the AP2CH and AP4CH views.
Endocardial contours were traced (excluding papillary muscles) at end diastole timed as the closure of the mitral valve leaflets, and at end systole defined as the point of maximal inward excursion of the endocardial contour. The centreline method was used to assess regional LV function. 7 8 The computer superimposes the end diastolic and end systolic endocardial tracings, and calculates a centreline between them. The deviation from the centreline of 100 chords around the LV circumference is calculated, corrected for the end diastolic circumference, and expressed as a percentage shortening fraction (SF). Each apical view of the LV is divided into six segments and the SF of the chords in each segment is averaged so that a total of 12 values are obtained.
A persistent wall motion abnormality (WMA) was one defined as being present 30 minutes after exercise. In preliminary studies we obtained a 10% variability in serial measurements of SF in regions that did not develop WMAs; for this study a change in SF from baseline of > 20% was taken as abnormal-that is, WMA. We calculated SF for all 12 segments (SFmean), for segments with a persistent wall motion abnormality (SFwma), and in normal segments that did not develop wall motion abnormalities following exercise (SFnorm). LV volumes at end diastole and end systole were calculated using the biplane disc method and global ejection fraction (EF (%)) was derived from these volumes. Analyses of diastolic indices were performed by using a digitising tablet and tracing the Doppler pulsed wave LV diastolic inflow (five consecutive beats for each time point). The isovolumic relaxation period (IRP) was measured as the interval between aortic valve closure as measured from the phonocardiogram and the onset of the E wave.
STATISTICAL ANALYSIS
Results are expressed as mean (SD). To detect diVerences between the two exercise tests a Student's t test was used, and linear regression analysis was performed for comparison of these data. Serial changes in EF, SF, and IRP were analysed using repeated measures analysis of variance (ANOVA) and post hoc testing with ScheVes f test. For the purpose of this study p < 0.05 was considered significant. Statistical analysis was performed on a Power Macintosh
Computer (Apple Computers Inc, Cupertino, California) using Statview 512 + (Abacus Concepts, Berkeley, California).
Results
There were marked changes in LV function in the results obtained when exercise was repeated at the three diVerent time points, and these changes were very diVerent at each time point.
GROUP A (30 MINUTE GROUP)

Exercise data
Exercise results are shown in table 2. Both exercise tests were completed by all 14 patients. All patients had positive exercise tests fulfilling the criteria of 1 mm of exercise induced ST depression and developed typical cardiac pain which limited exertion. Exercise time, time to angina, time to 1 mm ST depression, workload, and rate−pressure product, were all significantly improved with Ex2. Maximum ST depression was unchanged. 
Global LV systolic function
Thirty minutes following Ex1 in the 13 patients that developed WMAs there was a significant decrease in EF from baseline which had improved 30 minutes post Ex1 and was no longer abnormal. EF
Regional LV systolic function
At baseline there was no diVerence between SFmean and SFwma. SFwma became abnormal at both 30 minutes following Ex1 and Ex2 but had returned to normal by 60 minutes following Ex2. There were no significant changes in SFnorm from baseline following either test.
Isovolumic relaxation period
All 13 patients with abnormalities of systolic function exhibited diastolic dysfunction evidenced by a prolongation of relaxation. The IRP became prolonged at 30 minutes post Ex1 but had returned to normal by 30 minutes post Ex2. The IRP was significantly more prolonged at 30 minutes post Ex1 than at 30 minutes post Ex2 (105.2 (10.8) v 93(10.6) ms, p < 0.01).
GROUP B (60 MINUTE GROUP)
Exercise data Both exercise tests were completed by all 14 patients. Thirteen patients experienced typical cardiac pain on exertion which led to a termination of exercise, and one patient was limited by dyspnoea. Exercise parameters and maximum ST depression did not diVer significantly between Ex1 and Ex2. There were no diVerences in the duration of anginal pain or ST changes between tests as shown in table 2. For both tests heart rate, blood pressure, and ST changes returned to normal within 10 minutes of exercise in all cases.
Echocardiographic data
Following Ex1 there was impaired regional and global contractile function and prolonged early relaxation consistent with stunning. These indices were both more severely impaired and prolonged after Ex2 despite equivalent exercise parameters. There were persistent WMAs in 11 of 14 patients following
. Prolonged WMAs consistent with myocardial stunning occurred in 11 of 12 patients with triple vessel disease following Ex1. Table 3 shows the quantitative echocardiographic results (mean (SD)) in patients exhibiting WMAs (11/14) (fig 2) .
Global LV systolic function EF was significantly decreased at 30 minutes post Ex1 but had recovered by 60 minutes post Ex1. Following Ex2 EF was more severely depressed, remaining abnormal at both 30 and 60 minutes post Ex2 and recovering by two hours following Ex2. EF was significantly more Repetitive myocardial stunningdepressed at 60 minutes post Ex2 compared to 60 minutes post Ex1 (53.8 (9.9) v 48.9 (13.2)%, p < 0.05)
Data are expressed as the percentage change from baseline values (mean (SE)). SF, shortening fraction (%) (refers to SF in the segments exhibiting wall motion abnormalities-that is, SFwma); EF, ejection fraction (%); IRP, isovolumic relaxation period (ms)
; Ex1
Regional LV systolic function
At baseline there was no diVerence between SFmean and SFwma. SFwma was abnormal at both 30 and 60 minutes following Ex1 and was further worsened following Ex2, remaining abnormal at both 30, 60, and 120 minutes and recovering by four hours post Ex2. SFwma was significantly more depressed at 60 minutes post Ex2 compared to 60 minutes post Ex1 (2.81 (0.85) v 1.99 (0.67)%, p < 0.01). There were no significant changes in SFnorm from baseline after either test.
Isovolumic relaxation period
Diastolic data were available for 13 of 14 patients. All 13 patients exhibited diastolic dysfunction after both tests. The IRP became significantly prolonged at both 30 and 60 minutes post Ex1 and became further prolonged at both 30 and 60 minutes post Ex2. The IRP remained abnormal at 120 minutes post Ex2 but had recovered at four hours. The IRP was significantly more prolonged at 60 minutes post Ex2 than at 60 minutes post Ex1 (122 (12.2) v 108 (15.3) ms, p < 0.05).
GROUP C (240 MINUTE GROUP)
Exercise data Both exercise tests were completed in all patients with 13 of 14 patients limited by angina and one patient by dyspnoea. Exercise parameters and maximum ST depression were unchanged between tests. There were close correlations between both tests for all the above parameters as shown in table 2. For both exercises heart rate, blood pressure, and ST changes returned to baseline within 10 minutes of exercise in all cases.
Echocardiographic data
Following Ex1 there was impaired regional and global contractile function and prolonged early relaxation consistent with myocardial stunning. These changes were of similar magnitude following the two tests. There were persistent WMAs in 11 of 14 patients following Ex1 and 10 of 14 patients following Ex2. Ten patients developed WMAs after both tests, one patient developed WMA abnormalities after Ex1 but not Ex2, and three patients did not develop WMAs after either test. Table 3 shows the quantitative echocardiographic results in patients exhibiting WMAs (11/14) (fig 3) .
Global LV systolic function
Following Ex1 in the 11 patients that developed WMAs there was a significant decrease in EF at 30 minutes post Ex1 which had recovered by 60 minutes following exercise. Thirty minutes post Ex2 EF similarly decreased and had returned to normal at 60 minutes post Ex2.
Regional LV function
SFwma was abnormal at 30 minutes post Ex1 but had recovered at 60 minutes post Ex1. Following Ex2 SFwma decreased at 30 minutes and 60 minutes post Ex2 but had returned to within normal limits by 120 minutes post Ex2. There were no significant changes in SFnorm from baseline after either test.
Isovolumic relaxation period
Diastolic data was available for all patients. The IRP became prolonged at both 30 and 60 minutes following Ex1, but had returned to normal at 240 minutes following exercise. The IRP was similarly prolonged at both 30, 60, and 120 minutes post Ex2 but had returned to normal at four hours following exercise. There were no significant diVerences between the severity of prolongation of the IRP between the two tests.
INTER-AND INTRAOBSERVER VARIABILITY
Inter-and intraobserver diVerences were small. Interobserver variability for EF and SF was calculated by comparing the measurements of two independent observers using the method of Bland and Altmann.
8A Mean (SD) values for the two observers for EF were 61.3 (5.8)% v 
Discussion
This study demonstrates that a single episode of exercise induced ischaemia produces persistent abnormalities of regional and global LV systolic function in the majority of patients, along with prolonged early relaxation. These abnormalities of LV function have a time course consistent with myocardial stunning, which has been shown to occur in patients following a single episode of eVort angina. 2 The eVect on LV function of a second episode of exercise induced ischaemia appears to diVer according to the interval between the two. When exercise was repeated at 30 minutes following the termination of the first test, patients were able to exercise for longer and achieve a greater workload. This finding is consistent with a warm up phenomenon occurring on exercise. 9 There was no significant diVerence in maximum ST depression between tests suggesting an equivalent ischaemic burden on both occasions. Despite equivalent degrees of ischaemia there was less exercise induced systolic and diastolic LV dysfunction on the second occasion. The absence of further dysfunction following the second exercise could have been caused by a preconditioning eVect produced by the initial exercise.
ISCHAEMIC PRECONDITIONING AND WARM UP ANGINA Ischaemic preconditioning is the phenomenon whereby a brief period of sublethal ischaemia causes the heart to adapt in such a way that it can survive a subsequent, more severe episode of ischaemia that would be expected to be lethal. 5 As a result of preconditioning the heart is able to delay the onset of irreversible injury, with an approximate 20 minute shift in the occlusion time−infarct size relation. The window of protection for infarct size aVorded by ischaemic preconditioning seems to last approximately 60 minutes following the preconditioning stimulus. 10 Recently a second window of protection has been described which begins 24 hours after the initial event.
11 The mechanism of ischaemic preconditioning is thought to involve adenosine 12 and has been expanded to include protection against other adverse consequences of ischaemia and reperfusion including reperfusion arrhythmias. [13] [14] [15] [16] Evidence for ischaemic preconditioning in the context of stunning is controversial. In open chested rabbit hearts Urabe et al demonstrated that an initial ischaemic period could precondition the heart and attenuate the stunning produced by a subsequent coronary occlusion, 17 with similar results being reproduced in the rat heart. 18 In canine and swine models there is no evidence that ischaemic preconditioning attenuates stunning. 19 20 It has been proposed that the beneficial eVects seen in the isolated heart models may be caused by infarct size reduction with secondary improvement of LV function. 19 Warm up angina is the ability of patients to exercise until they experience angina, to rest, and then to continue exertion with few or no symptoms. 9 A warm up phenomenon occurs in up to 20% of patients with coronary artery disease. Objective evidence for a warm up eVect in angina has been obtained by comparing haemodynamic and ECG changes during and after sequential exercise testing. In one study a warm up exercise was able to reduce the severity of myocardial ischaemia when exercise was repeated after 10 minutes, the eVect still being present but significantly less marked when exercise was repeated at 30 minutes. 21 Okazaki et al Repetitive myocardial stunningperformed two consecutive supine exercise tests separated by 15 minutes in 13 patients with left anterior descending coronary artery stenosis and found that angina, ST depression, and myocardial oxygen consumption were less on the second exercise for an equivalent amount of work, suggesting that the heart had become regionally more eYcient. 22 Warm up angina has been ascribed to coronary vasodilatation with the possible opening of collaterals; however, the failure of vasodilators to produce a warm up eVect and the lack of correlation with collaterals on angiography does not support this suggestion. 22 It has been suggested that warm up angina may actually involve the phenomenon of ischaemic preconditioning. 23 Our results in the 30 minute group are consistent with a warm up phenomenon occurring on exercise, with significant improvement in exercise parameters. It is possible that the first exercise may have resulted in greater coronary dilatation during the second exercise period and that myocardial metabolism may have been more eYcient. Similarly peripheral changes may have occurred resulting in a more eYcient use of cardiac output and a reduction in myocardial oxygen demand, although our measurements of exercise and haemodynamic parameters do not support this. The attenuation of LV dysfunction following the second exercise demonstrated in our patients would be consistent with ischaemic preconditioning.
The findings in group B demonstrate a worsening of LV function when exercise is repeated at 60 minutes. Following the second test there were both cumulative and prolonged abnormalities of systole and diastole consistent with stunning, despite comparable amounts of ischaemia between tests. The absence of a protective eVect at this time point that was present in group A 30 minutes before is consistent with the time window of protection aVorded by preconditioning in most species studied-that is, less than one hour. In this group the second exercise occurred at a time when LV function had not completely returned to baseline levels. The amount of decrease in function is comparable between exercises and the cumulative decrease in LV function may be explained by the fact that the second episode of dysfunction occurred on a background of preexisting dysfunction. Nevertheless the abnormalities of function were significantly more prolonged following the second ischaemic episode.
EVIDENCE FOR CUMULATIVE LV DYSFUNCTION
Repetitive coronary occlusions in animals can cause cumulative LV dysfunction. [24] [25] [26] Similarly repeated exercise induced ischaemia causes cumulative LV dysfunction in a canine model with instrumented coronary stenoses. 3 A recent study in chronically instrumented pigs has suggested that repeated episodes of stunning can actually produce chronic LV dysfunction. 27 If this is the case in humans, then myocardial hibernation, 28 traditionally thought to be a result of chronically reduced coronary flow, may be caused by repeated ischaemic events induced by an imbalance between oxygen supply and demand caused by an inadequate coronary flow reserve. 27 Ambulatory ECG studies have suggested that patients with unstable coronary artery disease may experience up to 10-20 episodes of ischaemia daily 29 ; under such conditions the myocardium could become chronically depressed. However, this may not be fully applicable to patients with chronic stable angina as in our study group.
In humans, support for the hypothesis that chronic myocardial dysfunction may be secondary to repeated stunning is provided by studies using positron emission tomography. 4 30 31 Tillisch et al demonstrated that 37% of chronically dysfunctional or "hibernating" segments had normal resting blood flow and 88% of these improved following coronary artery bypass grafting. 30 Vanoverschelde et al demonstrated chronically depressed wall motion in non-infarcted, collateral dependent myocardium despite having near normal resting blood flow and oxygen consumption, 4 and Marinho et al demonstrated that resting myocardial blood flow in chronically dysfunctional segments is not reduced. 31 If repeated episodes of exercise induced stunning produce cumulative and prolonged abnormalities in humans then stunning could be an important cause of significant and persistent LV dysfunction occurring on a regular basis in patients with coronary artery disease.
The results from group C suggest that if the myocardium is allowed suYcient time to recover between episodes of ischaemia-in this case four hours-the eVect of ischaemia on LV function is similar for both tests. In group C the abnormalities of function had completely returned to normal by the time of the second exercise and the amount of LV dysfunction was comparable. There did, however, still appear to be some cumulative eVect on LV function as witnessed by the delayed recovery of function after Ex2. The reason for performing exercise at this time point is that contractile abnormalities caused by stunning following a single episode of angina take between 60 and 120 minutes to return to normal. 2 32 Diastolic abnormalities, however, appear to be more prolonged. We have demonstrated diVerent rates of resolution of systolic and diastolic dysfunction following exercise induced ischaemia, with diastolic abnormalities of early relaxation and filling persisting for up to four hours following a single episode of angina. 32 We therefore elected to perform repeated exercise in group C at a time when all functional abnormalities caused by the first exercise should have fully resolved.
LIMITATIONS OF THE STUDY
No absolute measurements of perfusion were performed following repeated exercise, although all haemodynamic parameters and ST depression had returned to normal at a time when LV dysfunction persisted. We and others have simultaneously demonstrated myocardial dysfunction in the presence of normal perfusion at 30 minutes postexercise, thus demonstrating that LV dysfunction at this time point is caused by stunning. 2 32 Although we cannot be certain that the abnormalities of function were caused by stunning in this study, the presence of abnormalities 30 minutes postexercise is consistent with our previous findings and those of others which demonstrate that LV dysfunction at this time is caused by stunning.
There are limitations to the use of endocardial wall excursion as the sole criterion of abnormal contractile function; neither wall thickening nor transmyocardial heterogeneity is taken into account. However, it does provide a quantitative method that is repeatable and it is likely that only subtle abnormalities of regional LV function are missed. There are limitations to using IRP as a sole index of diastolic function. Its prolongation signifies abnormal relaxation which is a well documented eVect of ischaemia on diastolic function. It is, however, influenced by systolic function and incoordinate wall motion will prolong isovolumic relaxation. We have found that, in patients with prolongation of the IRP, this remained abnormal well after the recovery of systolic function. It is possible that this simply reflects greater sensitivity in the measurement of IRP compared to shortening fraction or may be related to diVerences in the mechanisms of systolic and diastolic stunning.
CONCLUSIONS
Our data demonstrate for the first time that repetitive episodes of exercise induced ischaemia in patients with chronic stable angina can produce repeated episodes of LV dysfunction with a time course consistent with myocardial stunning. The eVect on LV function appears dependent on the time between ischaemic periods and our results may give some insight into the possible underlying mechanism for chronic LV dysfunction in patients with coronary artery disease.
